In severely ill patients low concentrations of the corticosteroid binding globulin are typically found; the aim of this study was to quantify directly free bioactive cortisol concentrations in the sera of postoperative cardiosurgical patients. Serum samples of 12 consecutive patients undergoing aortocoronary bypass surgery taken preoperatively and on the postoperative days 1 to 4 were analyzed. Total serum cortisol was quantified using liquid chromatography-tandem mass spectrometry with an on-line sample extraction system and tri-deuterated cortisol as the internal standard, and free serum cortisol was measured after over-night equilibrium dialysis. Whereas on the first postoperative day, the median total serum cortisol concentration was approximately two-fold increased compared to preoperative samples (preoperatively, 245 nmol/l (interquartile range (IQR) 203 -293 nmol/l); first postoperative day, 512 nmol/l (IQR 410 -611 nmol/l)), median dialyzable free cortisol concentration was almost seven-fold increased (preoperatively, 14.2 nmol/l (IQR 10.9 -20.7 nmol/l); first postoperative day, 98.3 nmol/l (IQR 81.3 -134 nmol/l)). On the fourth postoperative day, median free cortisol was still significantly increased compared to baseline sampling (p < 0.05), whereas median total cortisol was not. A median of 5.7% (IQR 5.4 -7.0%) of total cortisol was found as free cortisol on the preoperative day, 21.2% (IQR 18.9 -23.5%) on the first postoperative day and 10.5% (IQR 9.8 -14.0%) on the fourth postoperative day. It is concluded that during the postoperative period the freeto-bound ratio of cortisol is highly variable and that during the acute phase response direct quantification of free bioactive cortisol concentrations seems to be biologically more appropriate than the measurement of total cortisol concentrations. Clin Chem Lab Med 2003; 41(2):146 -151
Introduction
During acute phase response and in severe illness cortisol is of essential importance for immune modulation, maintenance of homeostasis and for cardiovascular regulation (1, 2) . Increased adrenal secretion of cortisol under the condition of severe stress -as during the postoperative period -has long been recognized (3, 4) ; additionally, recent investigations have demonstrated profound alterations in the transport of cortisol during acute phase response, which is characterized by a decline in the concentration of corticosteroid-binding globulin (CBG), potentially leading to very high free serum cortisol concentrations (5 -11) .
Previous studies addressing bioactive free cortisol concentrations in severely ill patients mainly relied on indirect calculations of free serum cortisol concentrations from the concentrations of total cortisol and CBG (10 -13) . These predictions, however, have not been validated by direct measurement of free serum cortisol in intensive care patients. The aim of this investigation was therefore to study systematically the concentrations of bioactive free cortisol in patients undergoing standardized major cardiac surgery -inducing extensive acute phase response and systemic inflammation -by use of a newly developed direct equilibrium dialysis liquid chromatography-tandem mass spectrometry (ED-LC-TMS) method and to compare these results with calculated free serum cortisol and total serum cortisol concentrations.
Patients and Methods

Patients
Twelve patients undergoing elective coronary artery bypass grafting with extracorporeal circulation were prospectively included into the investigation. Residual serum was used from samples that were taken for clinically indicated laboratory tests between 6.00 and 8.00 a.m. on the preoperative day and on the first 4 postoperative days. Samples were stored at -20°C until analysis. Ten patients were male, two female, the age ranged from 54 to 81 years (median 68 years); anesthesia was induced with etomidate at doses of 14 to 20 mg. The study was approved by the Institutional Review Board.
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Europe, Nivelles, Belgium) in one single batch using kit control material for quality assurance. Serum albumin and C-reactive protein (CRP) were measured by routine automated turbidimetric immunoassays (Tina-quant ® , Roche Diagnostics, Mannheim, Germany).
To calculate serum free cortisol concentrations from total serum cortisol and CBG concentrations, the equation described by Coolens et al. (17) was applied:
Free serum cortisol = SQR (Z 2 + 0.0122 × T) -Z with Z = 0.0167 + 0.0182 × (C -T), and C: CBG (µmol/l); T: total cortisol (µmol/l); SQR: square root
To study the imprecision of the ED-LC-TMS method for the determination of free serum cortisol, 12 aliquots of a normal serum pool were analyzed within three independent series to calculate the coefficient of variation.
Statistical methods
The t-test was used to test for statistically significant differences between results obtained in the preoperative and postoperative samples (day 1 to 4) , with significance assumed for p < 0.05.
For method comparison between directly measured and calculated free serum, cortisol linear regression with Pearson's coefficient of correlation was calculated; additionally, a bias plot was generated according to Bland and Altman (18) with the calculation of the mean percentage difference between the methods.
Results
On the first postoperative day, median total serum cortisol concentration was approximately two-fold increased compared to the preoperative sampling (preoperatively, 245 nmol/l (interquartile range (IQR) 203 -293 nmol/l); first postoperative day, 512 nmol/l (IQR 410 -611 nmol/l), respectively). On subsequent days, median cortisol concentration declined, so that on the fourth postoperative day total serum cortisol was not significantly increased compared to the preoperative day (323 nmol/l (IQR 305 -416 nmol/l)).
Median free cortisol concentration determined by ED-LC-TMS was almost seven-fold increased on the first postoperative day compared to baseline sampling (preoperatively, 14.2 nmol/l (IQR 10.9 -20.7 nmol/l); first postoperative day, 98.3 nmol/l (IQR 81.3 -134 nmol/l)). In contrast to total serum cortisol, free serum cortisol was still significantly increased on the fourth postoperative day (33.9 nmol/l (IQR 28.7 -57.9 nmol/l; p < 0.05) compared to the preoperative sampling.
The perioperative free-to-bound ratio of cortisol was highly variable with a median of 5.7% (IQR 5.4 -7.0%) of total cortisol found as free cortisol on the preoperative day, 21.2% (IQR 18.9 -23.5%) on the first postoperative day and 10.5% (IQR 9.8 -14.0%) on the fourth postoperative day (p < 0.05).
The median concentration of CBG found on the first postoperative day was 53% of the median concentration found preoperatively; the median concentration remained significantly decreased until the fourth post-
Analytical methods
Serum cortisol and cortisone were determined simultaneously as described previously (14, 15) using liquid chromatography-electrospray tandem mass spectrometry. In brief, samples and calibrators were precipitated with methanol/zinc sulfate containing tri-deuterated cortisol as the internal standard (Cambridge Isotope Laboratories, Andover, USA). After centrifugation, the supernatants were applied to on-line solidphase extraction with subsequent HPLC separation employing column switching (extraction column: Waters Oasis HLB (Waters, Milford, USA)), washed with 5% methanol, elution in back-flush with methanol/2 mmol/l ammonium acetate 7/3 by volume onto an analytical C18-HPLC column (Reprosil pur C18-AQ, 125 × 2 mm; 5 µm; Maisch, Ammerbuch, Germany). The HPLC system was coupled to a Micromass Quattro LC tandem mass spectrometer (Micromass, Manchester, UK) run in multiple reaction monitoring mode; the following transitions generated by collision induced disintegration of the respective [M+H] ions were monitored: cortisol 363 > 309 m/z; d3-cortisol 366 > 312 m/z. All study samples were analyzed within two runs.
Equilibrium dialysis cells were prepared according to Reinard and Jacobsen (16) from commercially available 1.5 ml polypropylene microtubes (Eppendorf, Germany; Figure 1 ). Lids of these tubes were cut off, placed upside down so that their recess functioned as a reservoir for approximately 240 µl of a dialysis buffer (Nichols Dialysis Buffer). A dialysis membrane (regenerated cellulose, molecular weight cut-off 4000 -6000 Da; Roth GmbH, Karlsruhe, Germany) was conditioned by first soaking in a large volume of 10 mmol/l sodium bicarbonate at 60°C for 1 h while stirring and subsequently by soaking in distilled water at the same temperature, again for 1 h. After final washing in a large volume of distilled water, the membrane was cut into 1.5 × 1.5 cm squares to be placed on the tube lids filled with the dialysis buffer. Tubes were then placed upside down on top of the lids, thereby fixing the dialysis membranes. Finally the tips of the tubes were cut off to allow 1 ml of serum to flow into the dialysis cells.
The cells were incubated for 16 h on a reciprocal shaker placed in a thermostated oven at 37°C (± 0.1°C). After incubation, the serum-containing tubes were removed and the dialysate was collected from the lids to be analyzed by liquid chromatography-tandem mass spectrometry in the same way as serum samples.
For quality control of total cortisol measurement commercially available materials were used (Lyphochek Immunoassay Plus, Biorad, Hercules, USA).
Serum CBG was quantified by a coated tube RIA (BioSource Figure 1 The assembly of the equilibrium dialysis cell for the determination of free cortisol by liquid chromatography-tandem mass spectrometry.
operative day reaching 68% of the preoperative concentration at the end of the observation period. Median serum albumin concentrations were also significantly lower on all postoperative days compared to the preoperative concentrations. The median CRP concentration peaked on the second postoperative day with 190 mg/l (IQR 154 -233 mg/l). The raw data of the respective analyses are given in Table 1 .
Comparison of free serum cortisol concentrations both measured directly by ED-LC-TMS and calculated according to Coolens et al. (17) by regression analysis resulted in the following equation: An interassay coefficient of variation of 8.1% was observed for the free serum cortisol measurement by ED-LC-TMS(mean concentration 12.1 nmol/l, n = 12 in three series).
Discussion
In this investigation, free bioactive serum cortisol concentrations were measured directly by use of ED-LC-TMS in sera of postoperative cardiac intensive care patients; it was found that free cortisol concentrations demonstrated a substantially more pronounced dynamics during the postoperative acute phase response compared to total cortisol. Whereas the median total cortisol concentration was increased about two-fold on the first postoperative day compared to the preoperative day, median free bioactive cortisol increased nearly seven-fold. At the end of the investigation period median free serum cortisol was still significantly increased compared to the preoperative sampling (139% above baseline), whereas at this time point median total cortisol concentration was only slightly and not significantly higher than the median preoperative concentration (31% above baseline). These results correspond to a substantial increase in the ratio of free-tototal cortisol from 5.7% preoperatively to as much as 21.2% on the first postoperative day. Since in general only the free hormone fraction is considered to be biologically active (19, 20) , our data suggest that during the acute phase response free serum cortisol measurement is biologically more appropriate compared to the measurement of total cortisol. We decided to study cortisol protein binding during acute phase response in patients undergoing elective cardiac bypass surgery with extracorporeal circulation because this well standardized procedure induces extensive stress and systemic inflammatory response (as demonstrated by very high CRP concentrations), and individual baseline samples can be taken in a non-stressed state before the patient is transferred to intensive care; this is not the case, for example, in a heterogeneous population of intensive care patients with septic shock.
The observation of very high free serum cortisol concentrations and an increased free-to-bound ratio of cortisol in the postoperative period after cardiac surgery is qualitatively in accordance with previous investigations, where calculations were applied to estimate free cortisol concentrations (10, 11) . Except for one study on burn patients (9), studies addressing bioactive cortisol in severely ill patients have so far relied on calculations based on the concentrations of total serum cortisol and CBG, respectively (10 -13); these calculations, however, have not been so far validated by comparison with directly measured free serum cortisol in intensive care patients.
The simplest approach to estimate free serum cortisol is the calculation of a [cortisol]/[CBG] ratio as a "free cortisol index" (13, 21). The algorithm described by Coolens et al. (17) applied in other studies (10, 12) takes into account the binding characteristics of CBG and is applicable by use of standard spreadsheet software; this calculation, however, is simplified in that the concentration of albumin and sexhormone-binding globulin (as other important cortisol-binding proteins), and competing steroids as cortisone are not incorporated. Conclusive calculation of free serum cortisol concentrations taking into account the latter variables, however, is not generally applicable, since it leads to complex equations which have to be solved by numeric procedures for which no software is commercially available (11, 19, 22) . Interestingly, calculations that incorporate the binding characteristics of CBG and cortisol -both in a simplified form (17) and by computer simulation (22) -predict a non-linear rise in bioactive free serum cortisol with increasing total serum cortisol concentrations, even at constant CBG concentrations and within the physiological range of circadian variation of cortisol concentrations; a simple "free cortisol index" (13, 21) fails to display this and should not be used.
By linear regression analysis we found an apparently close correlation between free serum cortisol concentrations calculated according to Coolens et al. (17) and free cortisol measured directly by ED-LC-TMS, with a coefficient of correlation of 0.95. Bias analysis according to Bland and Altman (18) , however, demonstrated poor commutability of the results for individual samples, an important mean percentage difference of 13.2%, and individual differences of up to 75% between both methods of free cortisol determination. This relevant bias between calculated and measured free cortisol concentrations observed in samples of intensive care patients may arise from changes in the binding properties of CBG known to occur in acute phase response (6, 23) or from compounds that interfere with cortisol protein binding, such as free fatty acids (24) .
The technique of ED-LC-TMS developed for our study proved precise, convenient and applicable to large studies. Free hormone determination after equilibrium dialysis without dilution may be regarded as the highest attainable standard for this purpose (20) . In the less laborious (but more expensive) technique of ultracentrifugation (17, 25) , protein concentration on the filtration membranes with local volume compression effects can affect hormone binding. Dialysis with dilution by a large volume of dialysis buffer can potentially alter the physiological free-to-bound equilibrium since the distribution volume of cortisol is largely increased, whereas the sample volume remains unchanged. For the quantification of cortisol in the obtained dialysate or filtrate, conventional HPLC techniques or immunoassays, as applied so far (25, 26) , lack sensitivity (with detection limits typically above 10 nmol/l) and specificity (with respect to cortisone and cortisol conjugate metabolites), whereas tandem mass spectrometry as applied in our investigation proved highly precise and specific (14) .
CBG is a 52 kDa glycoprotein that exhibits structural homology to serine protease inhibitors (27 -30) . Low concentrations of CBG found after major surgery may be explained by several mechanisms: (i) the negative acute phase behavior of CBG with decreased synthesis in response to inflammatory mediators (31 -33) , (ii) the conformational changes and active depletion of CBG (8, 23, 30) , and (iii) the in vivo serum dilution following substantial blood loss and fluid replacement. This latter dilution effect was suggested in our and and in a previous investigation (11) by the markedly decreased concentrations of serum albumin during the postoperative period.
Besides alterations in cortisol binding, other changes in the hypothalamic-pituitary-adrenal axis in severe illness have been recognized, such as an increased adrenal sensivity towards ACTH (4, 34, 35) , a continuous rather than pulsatile pattern of cortisol section (3) , and changes in the number and sensitivity of glucocorticoid receptors (36, 37) . Recently we were able to demonstrate substantial changes in the peripheral metabolism of cortisol during acute phase response (38) with a significant shift of the systemic set-point from inactive cortisone towards active cortisol. This shift can be explained by increased activity of 11β-hydroxysteroid dehydrogenase type I that is mainly expressed in liver tissue regenerating inactive cortisone to active cortisol (39, 40) . The latter mechanism, as well as the out-of-pro-portion increase in bioactive free cortisol observed in the present study lead to enhanced bioavailability of cortisol in addition to a mere increase in adrenal cortisol synthesis during acute phase response.
Despite these general mechanisms to increase active cortisol concentrations in acute phase response, it has been recognized that in patients with septic shock relative glucocorticoid deficiency arises frequently (1, 41) . This relative adrenal failure can be verified by stimulation testing with exogenous ACTH; respective cutoff values have been demonstrated to be of prognostic significance (42) and are used to guide low-dose cortisol substitution (1, 41) . It is evident from this background that cortisol measurement will gain importance in intensive care medicine. Since the alterations of CBG and albumin concentrations are variable among severely ill patients and the dynamics of free serum cortisol is quite different from that of total serum cortisol in critically ill patients, as shown in the present investigation, cut-off values for therapeutic decisions in intensive care medicine might be based on the measurement of free bioactive cortisol rather than on total cortisol. Therefore, the development of immunoassays for quantification of free serum cortisol in a routine clinical setting -by analogy to the measurement of free thyroid hormones -seems reasonable; the technique of ED-LC-TMS developed for our study may serve as a candidate reference method for this purpose.
